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Preface

These guidelines are designed to establish
good practice in the use of luminescence
dating for providing chronological frameworks.
They provide practical advice on using
luminescence dating methods in archaeology.
The guidelines should not be regarded as a
substitute for advice given by specialists on
specific projects; and, given how rapidly the
methods have developed, it is likely that
further improvements in laboratory techniques
will occur, so more up to date advice is likely
to become available in the future.

The guidelines will help archaeologists and site
investigators to assess whether luminescence
dating will be of value in providing
chronological information for understanding
their site. They are divided into three main
parts: Part A, an introduction to luminescence
dating, including the principles underlying the
method and the measurement procedures
used; Part B, a section on the practicalities of
collecting samples, collaborating with a
luminescence laboratory, understanding the
results obtained and presenting luminescence
ages; and Part C, a series of case studies to
illustrate the use of the method.

The first section is designed to enable the
non-specialist to understand the physical
principles underlying luminescence dating so
that he or she is more fully able to understand
the issues that may affect the reliability of
luminescence ages, and critically assess the
results from luminescence laboratories.

What these guidelines cover

@ an introduction to luminescence dating

@ a summary of the variety of luminescence
methods available

@ a description of the options available for
estimating the radiation dose rate at a site

@ practical advice about the collection of
samples

@ a summary of the information that should
be provided by laboratories undertaking
luminescence measurements, and about how
luminescence ages should be quoted

e case studies illustrating different applications
of luminescence dating, and the results that
can be obtained

How to use these guidelines
Luminescence dating is a technical topic
involving consideration of a number of
complex scientific issues. These guidelines have
presented these topics as clearly as possible,
but inevitably there may be some terms and
abbreviations that are not familiar to all
readers. A list of abbreviations is given in
Section I.] and a glossary of terms is provided

at the end of these guidelines to help the
reader; and text in bold indicates that the term
is defined in the glossary. Under Further
Reading is a range of other texts to augment
the information provided here.

In these guidelines, section | provides a
summary of the method and section 5 gives
some indications of what samples are suitable
and what age limits are appropriate. The
remainder of Part A contains a more detailed
explanation of the techniques involved in the
various measurements that are required to
obtain a luminescence age. A minimum reading
of Part A would be sections | and 5. The
detailed information provided in sections 2, 3
and 4 is necessary to enable users of
luminescence dating to be able to assess what
is feasible when using it, and to interpret
critically the results that are obtained from a
luminescence laboratory.

Part B includes a range of practical
considerations, including sample selection and
collection. It defines the information that
should be required in reports obtained from
luminescence laboratories, explains how
luminescence ages should be turned into dates
and how they should be quoted in site reports
or other publications. Some examples of how
the method can be applied are given in Part
C. An Executive Summary concludes the
guidelines.



Part A

Introduction to luminescence
Luminescence dating is a chronological method
that has been used extensively in archaeology
and the earth sciences. It is based on the
emission of light, luminescence, by commonly
occurring minerals, principally quartz. The
method can be applied to a wide range of
materials that contain quartz or similar minerals.
For pottery, burnt flints and burnt stones, the
event being dated is the last heating of the
objects. Another, and now very common,
application is to date sediments, and in this case
the event being dated is the last exposure of the
mineral grains to daylight (Fig ). The age range
over which the method can be applied is from a
century or less to over one hundred thousand
years.

Some of the first applications of luminescence
dating were developed in the 1960s. Since that
time there has been enormous progress in
understanding of the luminescence phenomena
in natural minerals, of the methods used to
measure that luminescence and in the range of
materials that are analysed.To the non-specialist,
luminescence can be complex and the resufts

difficult to interpret. This document is designed
to help users employ the available techniques
effectively on their projects, and to interpret the
results they can obtain from luminescence
laboratories.

| An overview of luminescence
dating

Radioactivity is ubiquitous in the natural
environment. Luminescence dating exploits the
presence of radioactive isotopes of elements
such as uranium (U), thorium (Th) and
potassium (K). Naturally occurring minerals such
as quartz and feldspars act as dosimeters,
recording the amount of radiation to which they
have been exposed.

A common property of some naturally
occurring minerals is that when they are
exposed to emissions released by radioactive
decay, they are able to store within their crystal
structure a small proportion of the energy
delivered by the radiation. This energy
accumulates as exposure to radioactive decay
continues through time. At some later date this
energy may be released, and in some minerals
this energy is released in the form of light. This

Fig I Excavation at Gwithian, Cornwall in 2005, showing the collection of samples of sands for luminescence dating
(© Historic Environment Service, Cornwall County Council 2005).
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Fig 2 A rechargeable battery provides a useful analogy for how mineral grains behave and how luminescence dating works. When

mineral grains are exposed to light or heated, trapped electrons are released, much like depleting a battery. Once this heating or
exposure to daylight stops, re-exposure to natural radioactivity begins to recharge the mineral grains, much like recharging a
battery. In the laboratory the mineral grains are stimulated to release their stored energy in the form of light emission. The
brightness of this luminescence signal can be related to the amount of energy that has been stored in the mineral.

light is termed luminescence.

What makes this a useful phenomenon for
dating? The answer lies in the fact that this
energy stored in minerals can be reset by two
processes. The first is by heating the sample to
temperatures above about 300°C, as would
occur in a hearth, or in a kiln during firing of
pottery. The second process is exposure of the
minerals to daylight, as may occur during
erosion, transport and deposition of sediments.
Either of these processes will release any pre-
existing energy stored, and thus set the ‘clock’ to
zero. Thus in luminescence dating, the event
being dated is this resetting, either by heat or by
exposure to light.

Measurements of the brightness of the
luminescence signal can be used to calculate the
total amount of radiation to which the sample
was exposed during the period of burial. If this is
divided by the amount of radiation that the
sample receives from its surroundings each year
then this will give the duration of time that the
sample has been receiving energy.

total energy accumulated during burial

age =
energy delivered each year from radioactive decay

The SI (Systéme International) unit of absorbed
radiation is the Gray (Gy). It is a measure of the
amount of energy absorbed by a sample, or its
dose, and has the units joules per kilogramme
(J.kg"). Laboratory luminescence measurements
are used to calculate the total absorbed dose.
The name given to the quantity is the equivalent
dose (D). The amount of energy absorbed per
year from radiation in the environment
surrounding the measured material (known as
the dose rate) can either be derived by directly
measuring the amount of radioactivity, or by
chemically analysing the surrounding material
and calculating the concentration of radioactive
isotopes in it; this has the units of Gray per year
Thus the age equation for luminescence can
formally be expressed as:

equivalent dose (D,) (Gy)

age (years) = dose rate (Gylyear)

To understand how this process can be used for
dating, a useful analogy is that of a rechargeable
battery, in which the battery represents the
mineral grains (Fig 2). Exposing mineral grains to
light or heat will release the battery's energy, so
that when the mineral (battery) is incorporated
into sediment or fired in a brick or sherd of
pottery, it has no energy. At this time the battery
starts to be recharged by exposure to radiation
in its natural environment. As time progresses,
the stored energy increases. When the sample is
collected and measured in the laboratory this
releases the energy and light is created. This is



the luminescence signal that is observed. The
brightness of this luminescence signal is related
to the amount of energy in the battery. If we
also know the rate at which the battery was
recharged then we can work out how long it
must have been recharging, thus telling us the
period of time that has elapsed since the battery
was last emptied.

Many naturally occurring minerals will yield
luminescence signals, including quartz, feldspars,
calcite and zircons. Quartz is the most suitable
material for dating, and the single aliquot
regenerative dose (SAR) protocol is now used
routinely. The luminescence age is the period of
time that has elapsed since the sample was
heated (in the case of pottery, burnt flints or
bricks) or exposed to daylight (in the case of
sediments). The age is given as the number of
years before the date of measurement, and the
unit of time used is the annum (abbreviated ‘a).
There is no convention for the datum to which
luminescence ages are referred, so the date of
measurement must be given.The term BP
(before present) should never be used for
luminescence ages, as BP has a specific meaning
and is only relevant for radiocarbon ages.

In summary, two sets of measurements need to
be combined to calculate a luminescence age
(Fig 3), D , which is determined using
luminescence, and the dose rate.

I.1 Abbreviations OSL
a annum (one year) P
AAS atomic absorption
spectrophotometry, a technique ppm
used to analyse the chemical
composition of materials Ra
C Carbon Rn
De equivalent dose — see Glossary SAR
eV electron-volt, a measure of
energy: leV = 1.602 x 10" joule
Gy Gray — see Glossary
ICP-MS inductively-coupled plasma mass
spectrometry, a technique used to Sl
analyse the chemical composition
of materials
IRSL infrared stimulated luminescence
— see Glossary
K Potassium Th
ka kiloannum, a time period of TL
1,000 years
keV kiloelectron volts: [keV = 1,000eV U
(see eV) XRF
LED light emitting diode
Ma megaannum, a time period of
1,000,000 years um
MeV megaelectron volt: IMeV =
1,000,000eV (see eV)
NAA neutron activation analysis, a
technique used to analyse the
chemical composition of materials
nm nanometre (1,000,000nm =

Field

Collect sample for
luminescence dating

activities

Laboratory

Laboratory treatment of
the sample to isolate
material for luminescence
measurements: most
commonly quartz

activities

v

[mm)

No

Use portion of
luminescence

optically stimulated luminescence
palaeodose, another term used
for equivalent dose (D)

parts per million (10,000ppm =
1%)

Radium

Radon

single aliquot regenerative dose, a
sequence of luminescence
measurements used to estimate
the equivalent dose (D)

of a sample

Systéme International, an
internationally recognised set of
units used to define length, time,
energy and other units of
measure

Thorium

thermoluminescence

— see Glossary

Uranium

X-ray fluorescence, a technique
used to analyse the chemical
composition of materials
micrometre (1,000pum = Imm)

Appropriate to
make in situ
measurements
of the dose rate
at time of
collection?

Yes

Make luminescence
measurements to calculate
the equivalent dose (De)

Age (years) = Equivalent Dose (D)

Calculate luminescence age

sample for
laboratory dose rate
measurements
Calculate dose rate
appropriate for the material
L used for luminescence

measurements taking site
conditions into account

A

Dose Rate

Fig 3 Flow chart showing how procedures to measure D, (left) and the dose rate (right) are combined to calculate a luminescence age.



I.2 Common units for measuring length

and time

Measurement of length is based on the SI unit

of the metre.
Abbreviation  length

of one metre

metre m Im

centimetre cm 00cm
millimetre mm |,000mm
micrometre u [,000,000um
nanometre nm |,000,000,000nm

The Sl unit of time is the second(s), but this is
not used in common parlance for long periods
of time (for example an average year is
31,557,600,000 seconds). Thus for
archaeological and geological purposes, the
year is commonly used.

Abbreviation duration
of one year
year a la
thousand years  ka 0.00lka = la
million years Ma 0.000 001 Ma
=la

2 The physical basis of
luminescence

The analogy of a rechargeable battery shown
in Fig 2 is a close one: D, is a measure of the
energy absorbed by the mineral grains and the
dose rate is the rate at which the energy was
delivered. In fact, at a sub-atomic level, the
energy is stored by electrons becoming
trapped at sites within the crystal structure —
where they are normally forbidden to reside —
but where they can be stored because of
defects within the structure. An energy level

diagram illustrates the processes going on
within the crystal (Fig 4). The interaction of
radiation with the crystal provides energy to
electrons that are raised to the conduction
band. From here they can become trapped at
defects (trapping centres) within the crystal.
The electrons may be stored at these defects
for some time.When an electron is released, it
loses the energy that it gained during
irradiation, and may emit part of that energy in
the form of a single photon of light. In general,
the deeper the defect below the conduction
band, the longer the electrons remain trapped
at that location without escaping at typical
burial temperatures.

2.1 Thermoluminescence (TL)

The trapped electrons stored within minerals
can be released in the laboratory using a
number of methods that cause them to
produce a luminescence signal. Heating the
sample at a fixed rate from room temperature
to between 450°C and 700°C releases the
trapped electrons. The resulting signal is
termed thermoluminescence (TL), and as
shown in Fig 5 the signal is plotted as a
function of the measurement temperature.
Typically the TL signal (commonly referred to
as a glow curve) comprises a series of peaks.
Each peak may be due to a single type of trap
within the mineral being measured, but more
commonly the signal is a composite of several
traps. Although it is not always possible
uniquely to identify the source of the
electrons, it is normally true that the TL signal
observed at higher measurement
temperatures originates from traps that are
deeper below the conduction band. This is the
case because more energy is required to
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Fig 4 Energy level diagram illustrating the luminescence process: (i) radiation interacts with the crystal (ionization), pushing
electrons into the conduction band and leaving ‘holes’ in the valence band; (i) electrons become trapped at defect sites (T, T,
etc) and remain for a period of time (the deeper the trap below the conduction band (E) (eg T,) the more stable the electron
and the longer it stays trapped); (iii) crystal is stimulated by heat or exposure to light, releasing electrons, which recombine with
holes at luminescence centres (L) and emit light photons = the luminescence signal (modified from Aitken 1990).

release electrons from deeper traps, and so
this only occurs at higher measurement
temperatures. A corollary of this is that
electrons in deeper traps are more stable than
those in shallower traps. For example, Fig 5
shows a TL measurement on an aliquot (a
small sub-sample [c | to 5mg in mass] of
quartz). The electrons in the trap giving rise to
the TL peak observed at ¢ | 10°C are relatively
unstable, and at room temperature have a
mean lifetime of ¢ 20 hours. This short lifetime
makes them useless for dating. In contrast,
measurements suggest that the electrons giving
rise to the TL peak observed at ¢ 325°C are
stable over many millions of years. These two
peaks could be thought of as derived from
traps T, and T, respectively, in Fig 4. The
stability of the deeper trap has been confirmed
by dating of sediments up to almost a million
years old, and it is this trap that is the focus of
most methods used for dating with quartz.

2.2 Optically stimulated luminescence
(OSL)

A second means of releasing the electrons
stored within minerals is by exposing them to
light (Huntley et al 1985).This has become the
most commonly used method. As soon as the
stimulating light is switched on luminescence is
emitted by the mineral grains. As measurement
continues, the electrons in the traps are
emptied and the signal decreases. The signal is
termed optically stimulated luminescence
(OSL) and Fig 6 shows data from an aliquot of
quartz during optical stimulation. The signal
initially decreases rapidly, and then at a slower
rate. A similar signal is observed from
feldspars, although a general observation is
that the OSL signal from feldspars decreases
more slowly than that from quartz. Unlike TL,
the OSL data typically obtained (eg Fig 6) does
not show which traps emitted the electrons.
Thus, before making an OSL measurement, it is
important to thermally pretreat the aliquot so
that a signal is obtained from the group of
traps of interest. This is achieved by heating the
aliquot before measurement so that the
shallow traps, whose electrons are unstable
over the burial period (eg T, in Fig 4), are
emptied, leaving only the electrons in deeper,
stable traps (eg T5 in Fig 4) — this heating is
called a preheat, described in section 3.1.2.

The light used to stimulate the minerals is
restricted to a narrow range of wavelengths so
that this light can be prevented from reaching
the sensitive light detector (the photomultiplier
tube) used to measure the luminescence signal
(Fig 7 page 8).This is because the light given
off by the sample — the luminescence being
measured — has to be observed at a different
wavelength from the stimulation light. Blue light
emitting diodes (LEDs) are commonly used for
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diam) mounted on aluminium sample holders (9.8mm diam), ready for luminescence measurement (© Risg National Laboratory, Denmark).
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Fig 6 (left) Typical OSL signal observed from a quartz aliquot — the OSL signal drops rapidly as the trapped electrons in the quartz are used up to produce the luminescence signal. (right) An
automated luminescence reader equipped with blue-light-emitting diodes (LEDs). When in use, the lid closes, leaving the sample holder in darkness. The blue LEDs are switched on to measure
the optically stimulated luminescence (OSL) signal (© Risg National Laboratory, Denmark).

stimulation and will generate an OSL signal
from both quartz and feldspar

An alternative method of stimulation is to use
LEDs that emit beyond the visible part of the
spectrum in infrared. These are the type of
LEDs used for remote controls in televisions,
and for luminescence work those centred at
880nm have been used extensively. OSL signals
are produced, but are more commonly
referred to as infrared stimulated
luminescence (IRSL). IRSL is only observed
from feldspars, with quartz not giving an IRSL
signal when the sample is measured at room
temperature. The fact that quartz does not
emit an IRSL signal at room temperature can
be exploited to provide a method for assessing
the purity of quartz separated from feldspar
for luminescence measurements.

2.3 Resetting of TL and OSL signals

The major advantage of OSL over TL is that
the OSL signal is reset by exposure to sunlight
much more rapidly than is the TL signal. This
process is commonly known as bleaching and
experiments in the laboratory show that after
as little as 100s exposure of mineral grains to
sunlight, the OSL signal from quartz is reduced
to < 0.1% of its initial level (Fig 8 Page 8), but
> 85% of the TL signal still remains. After
several hours of exposure, > 30% of the TL
signal remains but the OSL signal is almost one
hundred thousands times lower. A similar
situation exists for feldspars, with the TL signal
being reduced by exposure to daylight much
more slowly than the OSL (or IRSL) signal.
The results shown in Fig 8 were obtained by
placing a single layer of grains on a clean
surface in the laboratory and exposing them
to sunlight. In nature, this bleaching process is
likely to be more complex, as mixtures of

mineral grains of different sizes and
compositions are moved through the surface
environment, and because the strength of
daylight varies with the time of day and with
the local conditions. In fact, as grains are
moved around before their final deposition,
they may be exposed to daylight more than
once. In addition, grains may have a surface
coating that reduces light penetration and thus
causes slower bleaching. One of the major
advances in luminescence dating in recent years
has been the ability to make replicate
measurements on sub-samples of the same
material, and this provides a means for
assessing whether the mineral grains were
exposed to sufficient daylight for the OSL signal
to be reset at deposition (see section 3.2).

2.4 Luminescence emission spectra
The luminescence emitted by minerals may
occur at a variety of wavelengths. The lower
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Fig 9 (upper row) Five quartz samples shown in room-light conditions (each metal disc = 9.8mm diam; quartz grains ¢ 0.2mm
diam). (lower row) Image, taken using highly sensitive photographic paper; of the thermoluminescence (TL) signal emitted by
the grains being heated. Some grains emit most strongly in the orange—red part of the spectrum; others are strongest in the
blue (from Hashimoto et al 1986).

panels in Fig 9 show photographs of the TL
emitted by a number of aliquots of quartz,
each comprising many hundreds of sand-sized
grains (c 0.2mm diameter). One can see that
some grains emit most strongly in the blue
part of the spectrum while others emit in the
red. More detailed spectral analysis of a range
of quartz samples confirms that these two
emissions (460—480nm and 610-630nm
respectively), along with a series of emissions
in the violet (360—420nm) are common to
many types of quartz (Fig 10).

Feldspars cover a wide range of chemical
compositions. Their luminescence emission
spectra are more complex than those from
quartz, with luminescence emitted at various
wavelengths across the spectrum from
ultraviolet to red and infrared (Fig 10).

Research and dating applications have focussed
on looking at emissions from minerals in the
blue and ultraviolet parts of the spectrum as
most laboratories are equipped with
instruments designed to look solely in these
wavelength regions. Given the widespread use
of blue LEDs emitting between 450nm and
490nm for optical stimulation, the most
common filter used to reject this stimulation
light is the Hoya U-340.This filter transmits
emissions from ¢ 280nm to 380nm (ie the
near ultraviolet) (Fig |1, including the emission
at 370nm (Fig 10), so that it can be detected
by the photomuiltiplier tube.

2.5 Anomalous fading in feldspars

One of the main reasons for the focus in
recent years on quartz for dating has been
that, providing one works with electrons
originating from a sufficiently deep trap, one
can be confident of their stability. In contrast,
analysis of feldspars has shown a more
complex situation. As with quartz, electrons
that are stored in traps that are deeper below
the conduction band are calculated to be
more stable than those from shallower traps.
However, laboratory experiments have shown
that electrons from deep traps in feldspars are
less stable than expected — a situation called
anomalous fading. This means that the size of
the observed luminescence signal decreases as
the sample is stored in the laboratory, and
does so in an anomalous manner because the
physical parameters of the trap suggest that it
should be stable. There has been substantial
debate in the discipline about the nature of
anomalous fading, about whether it is a
universal phenomenon shared by all feldspars,
and whether it can be overcome. While this is
an ongoing topic the current consensus is that
many types of feldspar do exhibit anomalous
fading, and also that the rate at which the
signal fades varies from one sample to another.
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causing the luminescence signal to increase, to which a
mathematical function can be applied — the function is
extended until it intersects the x-axis, giving the estimate of
the radiation dose the sample received during burial (Dg);
(below) ‘regeneration’ measures the intensity of the
luminescence signal from the natural radiation dose — shown
as a horizontal dotted line. The sample’s luminescence signal
is reset by heating or exposure to light, and then given
different laboratory radiation doses, characterising the
growth of the luminescence signal with dose. Dy is
calculated by finding the laboratory radiation dose that gives
the same luminescence signal as that found in the sample
when it was recovered.

Additionally, it is clear that luminescence signals
emitted at different wavelengths may also fade
at different rates.

Two broad approaches have been suggested
to overcome the problem, in order to make it
possible to use feldspars for routine dating. The
first is to characterise the rate of anomalous
fading, and then to apply some form of
mathematical correction. The second is to look
at different luminescence signals from feldspar
and to try to find one that does not exhibit
anomalous fading, eg red emission (Fig 10).

2.6 Other luminescence signals

Novel methods of obtaining a luminescence
signal from minerals are constantly in
development. Different procedures of
luminescence production may be used, such as
radioluminescence (RL), isothermal TL (ITL)
and Thermally-Transferred OSL (TT-OSL).
Some of these procedures have the potential
to vield signals that may be useful in extending
the age range of luminescence dating, but at
the moment they remain experimental.
Routine luminescence dating is based on the
application of TL or OSL to heated materials,
and OSL to sedimentary materials, and
measurement is presently mostly made on
quartz.

3 Measurement of D,

In the application of luminescence to dating
archaeological or geological materials, the
object